Background {#S1}
==========

Bacteria of the genus *Gemmata* belong to the superphylum *Planctomycetes--Verrucomicrobia--Chlamydia* (PVC) and the phylum Planctomycetes ([@B42]). Similarly to other members of Planctomycetes, *Gemmata* bacteria constitute one of the phylogenetically distinct major groups with increasing relevance to research in microbial ecology, molecular evolution, cell biology, and most recently, clinical microbiology ([@B14]; [@B11]; [@B2]; [@B38]). Indeed, some biologists now claim that *Gemmata* bacteria are nucleus−bearing prokaryotes but are considered evolutionary intermediates in the transition from prokaryote to eukaryote due to their amazingly complex cellular architectures that are typical of eukaryotes, such as those associated with cytosolic compartmentalization ([@B31]; [@B30]), sterol synthesis ([@B26]; [@B17]) and endocytosis-like macromolecular uptake ([@B22]; [@B5]). These species form a remarkable gram-negative-staining group of bacteria that exhibit characteristic bud production, and a division process independent of FtsZ via budding-mediated polar fission, which is different from that of ordinary bacteria, where FtsZ is the main molecule involved in cell division ([@B14]; [@B4]). Both *G. obscuriglobus* and *G. massiliana* are slow-growing, fastidious organisms, and *G. obscuriglobus* exhibits a 13-h doubling time ([@B21]). *Gemmata* bacteria require highly specific culture media and long incubation times ([@B33]; [@B43]; [@B20]; [@B25]). We recently found some *Gemmata*-like sequences in blood collected from two patients with febrile aplastic neutropenia and leukemia, although we failed to isolate any Planctomycetes from these blood samples ([@B11]). Accordingly, conventional automated microbial detection of blood culture systems is not appropriate for the detection of these type of bacteria (undetected) and is less sensitive than the culture of mock-infected blood on Caulobacter agar ([@B9]). Nevertheless, the resistance of these bacteria to most of the routinely used antibiotics ([@B6]; [@B15]) and their recently demonstrated association with humans ([@B8]; [@B11]) support the potential behavior of *Gemmata* organisms as opportunistic pathogens, and this hypothesis warrants further investigations ([@B2]).

The culture-based isolation of microbial pathogens remains the gold standard in diagnostic microbiological laboratories, but it has been reported that the lack of complex factors/conditions in these laboratories contributes to the inability to isolate some fastidious bacterial species. Accordingly, the provision of environmental and nutritional conditions similar to those existing in the natural habitat where yet-uncultured/refractory bacteria can be detected might be an option for their potential isolation and culture ([@B18]; [@B41]). Some yet uncultured planctomycetes, such as *Planctomycetes bekefii*, possess stalks encrusted with iron oxide deposits ([@B34]), but the associated mechanism (active oxidation or passive deposition) has not been determined, and these findings suggest an important role for iron in these organisms. Our preliminary genome analysis of *Gemmata obscuriglobus* \[UQM 2246 (GenBank: NZ_ABGO00000000.1)\] and *G. massiliana* \[GenBank: CBXA000000000.1\], which are the only cultured representatives of the Planctomycetes genus *Gemmata* that have been formally described ([@B13]; [@B1]) using the Rapid Annotation Subsystem Technology server ([@B23]), revealed that these bacteria do not contain molecules involved in the iron acquisition pathway, which might partially explain their notable fastidiousness when grown on culture media. We thus hypothesized that supplementation of the standard culture media (Caulobacter and Stanley) for *Gemmata* spp. with *Escherichia coli* culture filtrate and iron ("ecological" medium) could enhance their growth and isolation in clinical microbiology laboratories.

Materials and Methods {#S2}
=====================

Bacterial Strains {#S2.SS1}
-----------------

*Gemmata obscuriglobus* DSM 5831^T^ and *G. massiliana* DSM 26013^T^ (CSUR P189^T^) were obtained from the Collection de Souches de l'Unité des Rickettsies (Marseille, France) and the German Collection of Microorganisms and Cell Cultures (Braunschweig, Germany). Both species were subcultured on Caulobacter medium DSMZ 595 or Staley's maintenance medium DSMZ 629 prepared as described on the website^[1](#footnote1){ref-type="fn"}^ The bacteria were grown through aerobic incubation on these solid media at 30°C for 7 to 14 days. The colonies was identified by matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS) analysis as previously described ([@B7]).

*Escherichia coli* Culture Filtrate Preparation {#S2.SS2}
-----------------------------------------------

*Escherichia coli* strain CIP 7624 (Collection de l'Institut Pasteur, Paris, France) was initially cultured on blood agar (BioMérieux, Marcy-l'Étoile, France) for 24 h at 37°C and identified by MALDI-TOF-MS as previously described ([@B35]). The bacterial cell counts were calibrated to 10^12^ colony forming units (CFUs)/mL using Kovas slide 10 (Hycor Biomedical, Germany) and microscopic examination. One milliliter of this suspension was then subcultured in 75-cm^2^ culture flasks containing 49 mL of autoclaved GLD medium (1 g of glucose, 1.4 g of peptone, 0.3 g of NaCl, 20 mL of Hutner's salt (DSMZ 590), 10 mL of Staley vitamins (DSMZ 600, added after filter-sterilized) and 970 mL of distilled water) and incubated aerobically with shaking at 250 rpm for 2 days at 30°C to elicit the release of *E. coli* siderophores in a low-iron environment ([@B24]). Sonication was performed to increase the release of *E-coli* siderophores, as previously described ([@B19]). Briefly, the cells were transferred to 1.5-mL microtubes and sonicated in a water bath sonicator (Bransonic^®^ Ultrasonic Cleaner Model 5510R-MT, Branson Ultrasonic Corporation) at ∼20°C, a frequency of 20 kHz and an amplitude of 50% for 1 × 2 h. Subsequently, the sonication broth was filtered through a 0.2 μm filter (Sigma-Aldrich, Saint-Quentin-Fallavier, France) to obtain the *E. coli* filtrate named solution A. Solution B was prepared in the same manner as solution A with the exception that the GLD medium was supplemented with 10^--4^ M ferrous sulfate heptahydrate (Sigma-Aldrich) and the culture was incubated for 3 days and then filtered. Solution B was prepared with the aim of inducing the production of extracellular iron reductase by *E. coli* in an iron-rich environment. As a negative control, autoclaved noninoculated GLD medium was manipulated under the same conditions as the inoculated culture flasks. Finally, 10 μL of solution A, solution B and the control GLD medium were seeded in blood, Staley's and Caulobacter solid agar to ensure sterility.

Culture of *Gemmata* spp. on Caulobacter and Staley's Liquid Media With *E. coli* Filtrate {#S2.SS3}
------------------------------------------------------------------------------------------

*Gemmata obscuriglobus* and *G. massiliana* were cultured independently in five replicates in a final volume of Caulobacter liquid medium of 15 mL. In detail, five tubes contained 9 mL of Caulobacter liquid medium supplemented with 5 mL of *E. coli* filtrate (2.5 mL of solution A + 2.5 mL of solution B), and five tubes contained 9 mL of Caulobacter liquid medium supplemented with 5 mL of GLD medium (negative controls). Each tube (five test tubes and five control tubes) was inoculated with 1 mL of 3.10^2^ CFUs/mL suspended in sterile distilled water (Bio-Rad Laboratories, Hercules, CA, United States). Moreover, two test tubes and two control tubes were inoculated with 1 mL of sterile distilled water (noninoculated tubes) and manipulated in parallel to the negative control tubes. The preparations were then incubated at 30°C in an aerobic atmosphere for 7 days. At days 1, 2, 3, 4, and 7 postinoculation, each tube was shaken, and 1 mL of the broth was removed to obtain serial dilutions of 1, 1/10, 1/100, 1/1000, and 1/10000 in sterile distilled water for culture-based microbial enumerations. The CFUs were enumerated on 100-mm Petri dishes containing Caulobacter solid agar, and the colonies were counted using scanning software (ImageJ, Interscience, Saint-Nom-la-Bretèche, France). The means and standard errors were calculated at each time point (five replicates, *n* = 5). All experiments were reproduced independently with *G. obscuriglobus* in Staley's liquid medium, and these were performed in parallel to those conducted with *G. massiliana*.

Culture of *Gemmata* spp. Under Iron-Repleted and Iron-Depleted Conditions in the Presence or Absence of *E. coli* Culture Filtrate, FeSO~4~, FeCl~3~ and Deferoxamine {#S2.SS4}
----------------------------------------------------------------------------------------------------------------------------------------------------------------------

Five experiments with Caulobacter liquid medium (*Gemmata* spp. grown in standard iron-free medium compared with Staley's medium, which contains FeSO~4~) were performed independently. The iron metabolism in assay tubes containing Caulobacter liquid medium in the presence of *E. coli* culture filtrate under iron-repleted, iron-depleted and control conditions was studied. Ferrous iron heptahydrate (FeSO~4~●7H~2~O, Sigma Aldrich), ferric chloride (FeCl~3~, Sigma Aldrich) and deferoxamine mesylate (Desferal^®^, Novartis, Rueil-Malmaison, France) were used to probe iron assimilation. Each of these components was added to a final concentration of 10^--4^ M in a final volume of 15 mL (appropriately low concentrations of *E. coli* filtrate (5%), FeSO~4~ (0.2 M), FeCl~3~ (0.2 M) and deferoxamine (100 mg/mL), as determined by serial dilution of 0.2 M to 10^--4^ M; see [Table 1](#T1){ref-type="table"} for the oxidation-reduction potential (ORP) and pH at 25°C obtained with all initial solutions used). In detail, the first tube contained 10^--4^ M FeSO~4~, the second tube contained 10^--4^ M FeCl~3~, the third tube contained 10^--4^ M deferoxamine, the fourth tube contained 10^--4^ M FeSO~4~ + 10^--4^ M deferoxamine, the fifth tube contained 10^--4^ M FeCl~3~ + 10^--4^ M deferoxamine dissolved in Caulobacter liquid medium, and the last tube contained only Caulobacter liquid medium. In parallel, six other tubes contained 9 mL of Caulobacter liquid medium supplemented with 5 mL of *E. coli* culture filtrate (2.5 mL of solution A + 2.5 mL of solution B), and each of these components was added to a final concentration of 10^--4^ M in a final volume of 15 mL, as described above. Subsequently, the 12 tubes were inoculated with 1 mL of 3 × 10^2^ CFUs/mL suspended in Caulobacter liquid medium and incubated aerobically at 30°C for 7 days. One noninoculated (negative control) tube for each of the 12 tubes was manipulated in parallel. At days 1, 2, 3, 4, and 7 postinoculation, each tube was shaken, and 1 mL was removed to obtain serial dilutions of 1, 1/10, 1/100, 1/1000, and 1/10000 in distilled sterile water for culture-based CFU enumerations on Caulobacter solid agar. In addition, daily measurements of the ORP and pH at 25°C (accumet^®^ AE150, Fisher Scientific) of each liquid medium were performed in parallel. Moreover, 2 × 50 μL of each liquid medium was adsorbed on blotting paper and deposited on solid medium in parallel to observe the growth time around the blotting paper. Furthermore, for each tube, 100 mm Petri dishes containing solid agar were prepared in parallel to monitor the growth on solid media (colony features, color and growth time in the presence or absence of *E. coli* filtrate), and these contained all the above-mentioned components at the same final concentrations. The Petri dishes prepared to contain *E. coli* filtrate were supplemented with 500 μL of solution A and 500 μL of solution B and dried at room temperature for 30 min in a laminar flow cabinet. The noninoculated (negative control) tubes and Petri dishes were manipulated in parallel. The bacteria were then counted using scanning software. *G. massiliana* and *G. obscuriglobus* were cultured independently in the same manner. The amount of intracellular iron was quantified after incubation for 1 and 7 days. Ten microliters of each liquid culture were inoculated on Caulobacter solid medium and Caulobacter solid medium complemented with each component as described above to monitor the bacterial features, survival and contamination. After incubation for 7 days, the liquid medium was centrifuged at 1.1 *g* for 5 min, and the pellet was washed three times with 10^--4^ M deferoxamine. The concentration of iron was measured using a colorimetric ferrozine method as previously described ([@B29]). Briefly, 200 μL of 50 mM NaOH, 200 μL of 10 mM HCl and 200 μL of iron-releasing solution were added to the specimens, and the mixtures were incubated for 2 h at 60°C. All the solutions were then filtered through a 0.2-μm filter, and the iron concentration in a 350 μL aliquot was measured using an Iron 2 Cobas kit (Cobas, Meylan, France).

###### 

Ph and ORP measured of solution used to study iron acquisition.

                **PH (25°C)**   **ORP (mv, 25°C)**   **Concentration**
  ------------- --------------- -------------------- -------------------
  FeCl~3~       3.13            233                  0.2 M
  FeSO~4~       3.6             202                  0.2 M
  Desf          3.77            61.3                 100 mg/mL
  Caulobacter   7.24            --13.7               --
  Filtrate      7.46            --29.4               5%

*Gemmata* spp. Growth on Petri Dishes in the Presence of a Panel of Molecules Involved in Iron Metabolism Absorbed in Sterile Blotting Paper {#S2.SS5}
--------------------------------------------------------------------------------------------------------------------------------------------

Live *E. coli* (soaked in sterile blotting paper, used as a helper strain) was cultured in close proximity to *G. obscuriglobus* and *G. massiliana* to assess its ability to promote the growth of these *Gemmata* bacteria. The growth of *Gemmata* spp. in the presence of *E. coli* filtrate (prepared in simple Caulobacter liquid medium) was then assessed through plate assays as previously described by [@B10]. Briefly, 2 × 50 μL of each solution containing various molecules involved in iron metabolism, namely, FeSO~4~, FeCl~3~, FeSO~4~ and deferoxamine at concentrations of 0.2, 10^--1^, 10^--2^, 10^--3^, and 10^--4^ M, with and without *E. coli* filtrate was triturated and adsorbed on blotting paper to study the influence of these components on *Gemmata* growth in Caulobacter medium through plate assays.

Results and Discussion {#S3}
======================

To the best of our knowledge, no member of Planctomycetes has been isolated from clinical samples, even though Planctomycetes bacteria have recently been detected in aplastic patients by PCR ([@B11]). This study aimed to develop an optimal medium for the culture and recovery of fastidious *Gemmata* bacteria in our laboratory using an "ecological" medium. Hence, this study was performed from a translational perspective for environmental/clinical microbiologists, and the results should not be translated to mechanistic studies conducted in clinical microbiology laboratories aiming to describe the iron metabolism of fastidious *Gemmata*.

Thus, we reasoned that the enhancement in the growth of *Gemmata obscuriglobus* and *Gemmata massiliana* obtained by supplementation with filtrates of *E. coli* cultures and iron at low concentrations (5% filtrates and 10^--4^ M FeSO~4~) reduce the doubling time of these fastidious bacteria potentially via a potentiation mechanism. Indeed, our observations revealed that although the noninoculated (negative) controls remained sterile throughout the experiments, the number of *G. obscuriglobus* colonies on Caulobacter medium supplemented with *E. coli* filtrate (126 ± 13 colonies on day 1 and 787 ± 38 colonies on day 7) was significantly higher than that on the standard medium (62 ± 10 colonies on day 1 and 261 ± 27 colonies on day 7) (*p* \< 0.0001). Similarly, the number of *G. obscuriglobus* colonies on Staley's medium supplemented with *E. coli* filtrate (75 ± 11 colonies on day 1 and 247 ± 20 colonies on day 7) was significantly higher than that on the standard medium (32 ± 6 colonies on day 1 and 82 ± 18 colonies on day 7) (*p* \< 0.0001) ([Figure 1](#F1){ref-type="fig"}). For *G. massiliana*, the number of colonies on the medium supplemented with *E. coli* filtrate (Caulobacter medium, 170 ± 29 colonies on day 1 and 694 ± 35 colonies on day 7; Staley medium, 74 ± 12 colonies on day 1 and 246 ± 21 colonies on day 7) was significantly higher than that on the standard medium (Caulobacter medium, 89 ± 11 colonies on day 1 and 329 ± 37 colonies on day 7, *p* \< 0.0001; Staley medium, 54 ± 8 colonies on day 1 and 148 ± 17 colonies on day 7, *p* \< 0.0001) ([Figure 2](#F2){ref-type="fig"}). Altogether, a significantly higher number of *Gemmata* spp. colonies was obtained after enrichment of the reference culture medium with *E. coli* filtrate (*p* \< 0.0001). Surprisingly, the growth of *Gemmata s*pp. on Caulobacter medium supplemented with *E. coli* filtrate was improved compared with that on Staley's medium supplemented with *E. coli* culture filtrate ([Figures 1](#F1){ref-type="fig"}, [2](#F2){ref-type="fig"}), even though Staley's medium contains more components such as Staley's vitamins (see medium DSZM 600) and Hunter's salts (see medium DSZM 590), which includes 99 mg/L FeSO~4~. These observations are consistent with the fact that many planctomycetes grow better in nutrient-poor (oligotrophic) medium ([@B36]; [@B33]). In addition, not all Staley vitamins are needed for optimal growth, as noted in a previous study ([@B25]). To better understand the mechanism associated with the improvement in growth obtained with the addition of *E. coli* culture filtrate, iron-free Caulobacter medium (which contains less nutrients than Staley's medium) was retained as the baseline for further study on iron acquisition by *Gemmata* spp. Indeed, this study was suggested to us by the marked diversity of Planctomycetes lineages, including *Gemmata*-Isosphaera, Planctomyces, Phycisphaerae, Pirellula-Rhodopirellula-Blastopirellula and the "OM190" lineage, detected in iron-hydroxide deposits in association with other bacteria that synthetize bacterioferritin, which captures and stores ferric iron. The high diversity of Planctomycetes in these microbial-rich environments contrasts with the restricted diversity of Planctomycetes in some other environments, which suggests the existence of an iron-based cooperation between ordinary bacteria such as Proteobacteria (*E. coli* live in the human gut in association with *Gemmata* spp., [@B8]) and members of Planctomycetes ([@B39]; [@B37]). Consistent with this hypothesis agar plate assays revealed that the *Gemmata* colonies near *E. coli* colonies are larger than those farther from *E. coli* colonies, which suggests the diffusion of unknown molecules that serve as potential growth factors for *Gemmata* spp. ([Figure 3](#F3){ref-type="fig"}). In addition, the impregnation of FeSO~4~ at concentrations ranging from 10^--4^ to 10^--3^ M in blotting paper or solid agar plates resulted in rapid *Gemmata* spp. growth around the nitrocellulose disks, which was detected on days 4 and 5 ([Figure 4A](#F4){ref-type="fig"}), whereas small colonies did not begin to appear until days 8 and 9 in more distant areas of the disk ([Figure 4B](#F4){ref-type="fig"}). This effect was observed with both *Gemmata massiliana* and *Gemmata obscuriglobus*, even though a more dramatic effect was obtained with *Gemmata massiliana*. This finding suggests that both species can use iron under aerobic conditions. FeSO~4~ at a concentration ranging from 10^--4^ to 10^--3^ M promotes greater *Gemmata* spp. growth than FeCl~3~ at the same concentration; however, 0.2 to 10^--1^ M FeCl~3~ and 0.2 to 10^--1^ M iron is toxic for both species. The finding that deferoxamine slows down and prevents the growth of *Gemmata* spp. suggests that iron improves *Gemmata* spp. growth, as indicated in [Figures 5](#F5){ref-type="fig"}, [6](#F6){ref-type="fig"}.

![*G. obscuriglobus* growth in standard Caulobacter medium (gray bar), standard Staley medium (green bar), Caulobacter medium supplemented with *E. coli* filtrate (yellow bar) and Staley medium supplemented with *E. coli* filtrate (red bar). The number of *G. obscuriglobus* colonies per milliliter (*Y* axis) on solid agar medium was monitored over a 7-day period (*X* axis).](fmicb-10-02552-g001){#F1}

![*G. massiliana* growth in standard Caulobacter medium (gray bar), standard Staley medium (green bar), Caulobacter medium supplemented with *E. coli* filtrate (yellow bar) and Staley medium supplemented with *E. coli* filtrate (red bar). The number of *G. massiliana* colonies per milliliter (*Y* axis) on solid agar medium was monitored over a 7-day period (*X* axis).](fmicb-10-02552-g002){#F2}

![Live *E. coli* promotes the growth of *Gemmata massiliana*. Ferric and ferrous iron at 0.2 M are toxic to *Gemmata*, and 10^--4^ M deferoxamine prevents bacterial growth.](fmicb-10-02552-g003){#F3}

![*Gemmata massiliana* showed improved growth in blotting paper impregnated with 10^--3^ M FeSO~4~ (50 mL) nitrocellulose disks at day 4 **(a)**, whereas small colonies did not begin to appear until days 8 and 9 in more distant areas in the disks **(b)**.](fmicb-10-02552-g004){#F4}

![*G. obscuriglobus* growth in standard Caulobacter medium supplemented with *E. coli* filtrate, FeSO~4~, FeCl~3~, and deferoxamine and control medium. The number of *G. obscuriglobus* colonies per milliliter (*Y* axis) on solid agar medium was monitored over a 7-day period (*X* axis).](fmicb-10-02552-g005){#F5}

![*G. massiliana* growth in standard Caulobacter medium supplemented with *E. coli* filtrate, FeSO~4~, FeCl~3~, and deferoxamine and control medium. The number of *G. massiliana* colonies per milliliter (*Y* axis) on solid agar medium was monitored over a 7-day period (*X* axis).](fmicb-10-02552-g006){#F6}

Iron is a trace metal involved in many crucial biological processes as components of metalloproteins and serves as a cofactor or structural element for enzymes needed for bacterial survival and growth ([@B32]). Iron found in soil, sediments and, more rarely, ocean water ([@B3]) is extracted from the environment and transported into a bacterial cell by siderophores, which are repressed in an iron-rich environment. Additionally, environmental ferric iron must be reduced into ferrous iron by extracellular bacterial reductase for assimilation by bacteria ([@B40]; [@B16]; [@B24]; [@B10]). The ferric uptake regulator protein controls iron acquisition through the ferrous iron-mediated repression of iron-regulated promoters because an excess of intracellular iron induces the production of reactive oxygen species via the Fenton reaction ([@B12]). Therefore, several bacteria lacking siderophores depend on other bacteria to provide them with iron ([@B28]; [@B27]; [@B10]), which partly explains the fastidiousness of these bacteria when grown on a synthetic medium ([@B10]). Accordingly, our observations revealed that the complementation of Caulobacter medium with *E. coli* culture filtrate and 10^--4^ M FeSO~4~ exerted a high growth-enhancement effect (*G. obscuriglobus*, 189 ± 22 colonies on day 1 and 1,091 ± 53 colonies on day 7; *G. massiliana*, 248 ± 19 colonies on day 1 and 1,029 ± 32 colonies on day 7) compared with that obtained with Caulobacter medium supplemented with *E. coli* filtrate alone (*G. obscuriglobus*, 134 ± 17 colonies on day 1 and 783 ± 31 colonies on day 7, *p* \< 0.0016; *G. massiliana*, 166 ± 18 colonies on day 1 and 713 ± 27 colonies on day 7, *p* \< 0.0122) ([Figures 5](#F5){ref-type="fig"}, [6](#F6){ref-type="fig"}). The intracellular iron concentrations in *G. obscuriglobus* and *G. massiliana* cultured in an iron-depleted broth supplemented with *E. coli* filtrate were 0.63 ± 0.16 μmol/L and 0.78 ± 0.12 μmol/L, respectively, whereas concentrations of 1.72 ± 0.13 and 1.56 ± 0.11 μmol/L were found in *G. obscuriglobus* and *G. massiliana* grown in broth supplemented with *E. coli* filtrate and FeSO~4~. Under the other culture conditions, the iron concentrations in *G. obscuriglobus* and *G. massiliana* were 0.66 ± 0.17 and 0.52 ± 0.14 μmol/L, respectively. Hence, the addition of *E. coli* culture filtrate was found to act as a growth-promoting factor, and this finding raises questions regarding the nature of unknown growth-promoting factors in *E. coli* culture filtrate that improve the iron metabolism in microbial communities ([@B10]). In contrast, some siderophores produced by certain bacteria, such as deferoxamine by *Streptomyces*, could slow down and inhibit the growth of *Gemmata* and lead to the inability to isolate these bacteria via chelating iron. As indicated in [Figures 5](#F5){ref-type="fig"}, [6](#F6){ref-type="fig"}, *E. coli* culture filtrate might contain siderophores that have higher affinity for iron than deferoxamine, which suggests that *E. coli* siderophores are able to shift the balance between deferoxamine and iron and make iron more available for cell growth. Additionally, our experiments revealed the aerobic oxidation of ferrous iron (the color of the Caulobacter liquid medium turned from light yellow to a color similar to that of iron rust after the addition of 7.5 μL of iron (to obtain a concentration of 0.2 M) at neutral pH (7.24), and it is possible that *E. coli* filtrate contains certain molecules, such as the ferrireductase enzyme, that can reduce ferric iron to promote iron uptake, as shown in [Figure 7](#F7){ref-type="fig"}. The pH and ORP measured for all the media over the 7-day experiment ranged from 7 to 6, which suggests that the predominant form of iron is ferric iron ([Supplementary Figures S1](#FS1){ref-type="supplementary-material"}, [S2](#FS2){ref-type="supplementary-material"}). Both species can adapt to various culture conditions, including iron-replete and iron-depleted conditions, and regulate the pH under neutral conditions.

![Schematic representation of the iron transport mechanism in bacteria.](fmicb-10-02552-g007){#F7}

The analysis of the features of the colonies on solid Caulobacter agar complemented or not completed with *E. coli* filtrate (500 μL of solution A and 500 μL of solution B), FeSO~4~, FeCl~3~ and deferoxamine showed that the colonies grown on iron-enriched Caulobacter broth were bigger and redder in color than the colonies grown under the other culture conditions, which were small and pale pink in color. Although this phenomenon was observed with both *G. obscuriglobus* and *G. massiliana*, the effect on *G. obscuriglobus* was more dramatic, and the growth times to achieve visible colony formation in the presence of *E. coli* filtrate and FeSO~4~ (5--7 days for *G. obscuriglobus* and 6--7 days for *G. massiliana*) were shorter than those in media supplemented by FeSO~4~ or FeCl~3~ without *E. coli* filtrate (8--9 days for *G. massiliana*). Additionally, the bacteria showed moderate growth on Caulobacter solid agar after preincubation in broth containing deferoxamine ([Figures 5](#F5){ref-type="fig"}, [6](#F6){ref-type="fig"}). Moreover, a slight growth-enhancement effect was observed in medium supplemented with *E. coli* filtrate and 10^--4^ M FeCl~3~, which might suggest that the presence of Cl slowed *Gemmata* growth compared with the presence of sulfate in FeSO~4~ because planctomycetes possess many sulfatases.

These data suggest that in the environment, as well as in human microbiota, *Gemmata* organisms might rely on neighboring bacteria to obtain the required amount of ferrous iron. In contrast, axenic media limit the ability of *Gemmata* bacteria to acquire iron because ferrous iron oxidizes into ferric iron at pH higher than 5, which results in a very low amount of available ferrous iron in axenic media. However, the growth-enhancing effect of filtrate and iron supplementation on the two species might only be explained by a potentiation mechanism. These results are encouraging, but further studies are needed to identify the potential growth factors secreted by *E. coli* via their purification and freeze-drying and to thus define approaches for enriching planctomycetes culture media.

In conclusion, our results indicate that not only ferrous iron but also *E. coli* culture filtrate, as a source of unknown growth factors that promote the rapid growth of *Gemmata* species, enhance *Gemmata* growth and can thus be used to improve the empirical culture media for Planctomycetes, as illustrated for *Gemmata* species in this study. This strategy involving the design of specific culture media helped improve the culture of fastidious bacteria and allows researchers to design specialized media from an empirical medium. Similarly, future investigation of the nutrients required by *Gemmata* organisms might aid the design of new culture media for their recovery from both environmental samples and host microbiota ([@B11]).
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Daily oxidoreduction potential (ORP) of *Gemmata obscuriglobus*. The *Y* axis represents the ORP value, and the *X* axis represents the day of measurement.
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Click here for additional data file.
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Daily oxidoreduction potential (ORP) of *Gemmata massiliana*. The *Y* axis represents the ORP value, and the *X* axis shows the day of measurement.

###### 

Click here for additional data file.
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